Most brain-shift compensation methods address the problem of updating preoperative images to reflect brain deformations following the craniotomy and dura opening. However, fewer enable to take into account the resection-induced deformations occuring all along the tumor removal procedure. This paper evaluates the use of two existing methods to tackle that problem. Both techniques rely on blood vessels segmented then skeletonized from preoperative MR Angiography and navigated Doppler Ultrasound images acquired during resection. While the first one proposes to register the vascular trees using a rigid modified ICP algorithm, the second method relies on a non-rigid constrained-based biomechanical approach. Quantitative results are provided, based on distances between paired landmarks set on blood vessels then anatomical structures delineated on medical images. A qualitative evaluation of the compensation is also presented using initial and updated images. An analysis on three cases of surface tumor shows both methods, especially the biomechanical one, can compensate up to 63% of the brain-shift, with an error in the range of 2 mm. However, these results are not reproduced on a more complex case of deep tumor. While more patients must be included, these preliminary results show that vesselbased methods are well suited to compensate for resection-induced brain-shift, but better outcomes in complex cases still require to improve the methods to take the resection into account.
INTRODUCTION
For brain tumor procedures, planning and image-guided navigation are based on preoperative Magnetic Resonance (pMR) images. However, these images do not account for the intraoperative deformation of soft tissues, called brain-shift, affecting the accuracy of the procedure. While causes of this shift are numerous, for example gravity or cerebrospinal fluid loss, 1 tumor resection is one of the most important. A solution is to reimage the brain during surgery, to acquire data reflecting the current shape of the tissue. An image-to-patient registration can then map high-resolution pMR images to these intraoperative data, providing updated images to the surgeon.
In the literature, craniotomy-induced brain-shift occuring before or just after dura opening is a widely studied topic. [2] [3] [4] [5] [6] [7] However, fewer works deal with the image-to-patient registration during the whole procedure, to take into account the deformation induced by tissue retraction and tumor resection itself. Some authors have simply used their craniotomy-induced compensation methods, while others have proposed to take account for the cavity formed by the resection. The following paragraphs, organized by the modality of intraoperative images, summarize a state of the art.
Different groups have proposed to register pMR with intraoperative Magnetic Resonance (iMR) images, acquired once or even several times during tumor resection. While of reduced quality with respect to pMR, this imaging system provides dense volumetric information. Images can be mapped using fiducials 8 or imagebased registration methods. [9] [10] [11] Other authors use a biomechanical model for the registration, 12 sometimes with the removal of elements (or anniliation of their mechanical effects) localized inside the resection cavity.
13, 14
Nonetheless, and regardless of their accuracy, these methods cannot be widely spread in clinical practice due to the cumbersomeness and cost of intraoperative MR devices. Another option is to digitize the brain cortical surface during resection, through the craniotomy, using stereovision image pairs or laser range systems. Their coupling with a mechanical model accounting for the retraction and/or resection yielded to significant results.
11, 15
A recent retrospective study also compared outcomes from simulated surface data with actual iMR imaging. 16 Finally, another intraoperative framework is Ultrasound (iUS) imaging. In addition to providing sub-surface data, this system is in widespread use, portable, cost-effective and do not require major changes in the surgical procedure. On one hand, image-based methods can be used to register pMR and iUS acquired during or after resection, using generated peudo-US images, 17 LC metrics 6 or patch-based correlation ratio, 18 with promising or less conclusive results. 19 On the other hand, iUS were used with a model-based method, 20 with the neutralization of mechanical elements inside the resection cavity. While encouraging, a difficulty is to precisely define which elements have to be removed, especially when tissue debulking occur.
In this paper, we consider Power Doppler iUS to assess the value of blood vessels for brain-shift compensation during resection. Two methods initially developed for craniotomy-induced brain-shift compensation are evaluated, with no further treatments.
METHODS

Vessel-based methods
This section provides a short description of the evaluated vessel-based methods. Both rely on the acquisition of pMR and pMR Angiography (pMRA) exams before surgery, then intraoperative navigated Doppler and/or B-mode iUS images. A 3D iUS volume is reconstructed out of the navigated 2D slices. Ultrasound acquisitions are performed directly in contact with the brain and, during resection, the cavity formed by the removed tissue is filled with saline.
Modified ICP method 2 Blood vessels are segmented then skeletonized from the pMRA and Doppler iUS images. A modified Iterative Closest Point (ICP) algorithm is then used to register the vascular trees with the particularity to only consider the n% pairings having the smallest distances. The computed rigid transformation is finally applied to the iUS images.
Constraint-based biomechanical method 3
Preoperatively, brain soft tissues and blood vessels are respectively extracted from pMR and pMRA. A tetrahedral Finite Element (FE) mesh, only accounting for the hemisphere affected by the tumor, is then mechanically coupled with the vascular tree skeleton. Intraoperatively, Power Doppler and B-mode information are recorded simultaneously, respectively allowing to extract the blood vessels and probe footprint. A biomechanical simulation, relying on a linear constitutive law solved with a co-rotational approach, is used to compensate for brain-shift, accounting for boundary conditions (contacts with the dura mater, the falx cerebri and the tentorium cerebelli ) and loads (applied to register blood vessels and maintain brain tissue under the US probe footprint) expressed as Lagrangian Multipliers constraints. After resolution, pMR images are updated with the FE model deformations.
Experiments
Four patients suffering from low grade tumor are included in this study. In the first three cases, the tumor was located in the brain periphery. For the fourth one, is was located deeper into the brain. All patients underwent surgery at Saint Olav Hospital, Trondheim, Norway, and data were collected by SINTEF Medical Technology. During the procedure, the navigation system Sonowand 21 was used to acquire navigated B-mode and Doppler iUS images. These acquisitions' characteristics are presented in Table 1 . For each patient, an iUS acquisition was performed in the middle or near the end of the resection procedure. For the evaluation, five to nine paired landmarks were manually identified on vessels in the pMRA and Doppler iUS images. Note that there is a bias since vessels are also used to drive the registration, although not specifically these landmarks. In addition, anatomical structures such as sulci were delineated by a clinician in the pMR and B-mode iUS acquisitions. This evaluation process is similar to the one used to validate our vessel-based methods at the opening of the dura. 
RESULTS
Quantitative results on blood vessels landmarks and delineated anatomical structures are presented in Table 2 . 
Surface tumor, cases 1-3
All distances (mean, max and sd) between blood vessels landmarks are significantly reduced using both brain-shift compensation techniques, proving an accurate registration in the vessel areas. The constraint-based biomechanical method provides better registration results with an average compensation score of 63% against 56% for the rigid modified ICP. In addition, the registration of the anatomical surfaces is also globally improved (distances are lower and the number of associated points is increased).
The order of magnitude of the remaining shit is similar to the ones obtained just after dura opening.
3, 5, 18
During resection, these results can therefore be considered very satisfying. This can be confirmed qualitatively, as shown in Figures 1 and 2 .
Deep tumor, case 4
Case 4 is clearly more complex. With regard to the distance between vessels landmarks, the remaining error after both compensation methods is much higher, in mean, max as well as standard-deviation. While an improvement is shown, from 9 to 6.5 mm approximately, all these factors indicate a non-sufficient compensation of the brainshift during resection. Surprisingly, the distances based on the Sylvian sulcus does not confirm this, as they are similar to previous cases. An explanation can be given by the non-discriminant geometry of the delineated sulcus near the tumor, alike a 3D "U shape". As shown in Figure 3 , the shift is in fact well corrected in depth, but an important sliding movement can still be observed in the lateral direction. In addition to deformations larger than in cases 1-3, the vessels are here located on one side of the tumor only which can explain the poor lateral accuracy.
CONCLUSION
This paper addresses the topic of resection-induced brain-shift compensation. We have shown the interest of accounting for the vascular tree to correct these deformation, using existing vessel-based methods without additional treatment.
2, 3 While more cases must be obviously be considered, first results show a significant improvement of the pre-to-intraoperative registration in the case of surface tumors. In a more complex case, the model-based methods in their current state are not successful.
Two conclusions can be established. First, while deformation and topological changes occur locally within the tissues, surrounding vessels still provide a reliable mean to track the brain and tumor location. However, unless in simple cases, methods designed for craniotomy-induced brain-shift are too limited and must be improved to correctly match the deformation during retraction and resection.
Future works include the development of such a method, plus the combine use of Doppler and B-mode iUS images to drive the registration with both vessels and anatomical structures, like the sulci themselves.
